Introduction
The successful outcome of HSCT has been greatly enhanced in the last 40 years not only by improvements in techniques and by progressive understanding of HLA histocompatibility and typing, but also by the development of effective immunosuppressive agents. CsA and tacrolimus have been critical for the improved outcome of both solid organ transplantation and HSCT that has been observed over the last three decades. Although the patients are given CsA and tacrolimus routinely as prophylaxis of GVHD, the agents have a narrow therapeutic window and a spectrum of undesirable side effects that often accompany their administration. These drugs can be both nephrotoxic and neurotoxic (insomnia, tremor and headache), findings consistent with the ubiquitous expression of calcineurin. Other side effects that limit their usefulness for prolonged therapy include hirsutism, hyperglycemia, hypertension, hyperkalemia and glucose intolerance.
1,2
Clinically calcineurin inhibitors are often administered using the same dose based on the patient's body weight, even though the blood concentration of these agents shows a wide spread in different cases. Although individual differences in drug response can result from the effects of age, sex, disease or drug interactions, genetic factors can also influence both the efficacy of a drug and the likelihood of an adverse reaction. 3 The variability in CsA and tacrolimus disposition has been attributed to interindividual differences in the expression of the metabolizing enzymes cytochrome P450 (CYP) 3A4 and 3A5, and in the expression of the drug transporter P-glycoprotein (encoded by the ABCB1 gene, formerly known as the multidrug resistance 1 gene (MDR1)). As these genes have functional polymorphisms affecting drug metabolism, there have been many pharmacogenetics studies. [4] [5] [6] [7] [8] [9] Because this type of study helps us predict the patient's biological response to a drug, we can avoid the side effects and provide suitable therapy for each individual.
There are many reports investigating the association of these gene polymorphisms and calcineurin inhibitors in organ transplant recipients, however, there are only a few studies looking at how this association influences the clinical features in HSCT recipients. In order to predict calcineurin inhibitor-related complications, we investigated the association between the initial concentration of these drugs, and cytochrome P450 and P-glycoprotein gene polymorphisms. Because the continuing dose of calcineurin inhibitor is often reduced in HSCT recipients during the first 4 weeks in order to maintain target blood concentrations, we also examined the relationship between the drug dose ratio of the day 28 dose compared with the starting dose and gene polymorphisms. The initial drug concentration was investigated on day 2 or day 3, and subsequent drug concentrations were monitored three times a week. Blood samples from patients receiving CsA were collected before daily drug administration. The drug dosage was adjusted according to the target serum concentration. The target concentration was 250-300 ng/mL for CsA (at the trough) and 10-15 ng/mL for tacrolimus. If the drug concentration was outside the target range, we increased or decreased the daily drug dose by 20%. All subjects provided informed consent to participate in this study, as approved by the ethical committee of Tokai University School of Medicine.
Materials and methods

Study
Analysis of gene polymorphisms
Genomic DNA was purified from peripheral blood or BM obtained before HSCT. We studied single-nucleotide polymorphisms (SNPs) in genes encoding CYP2C19, CYP3A5 and MDR1 based on the following criteria:
(1) known functional consequences on enzyme activity and drug metabolism and (2) a minor allele frequency higher than 5% in the Japanese population. The selection was based on publicly available databases (dbSNP, International HapMap project) and on Medline publications for selected SNPs. Finally we examined the CYP2C19 SNP (rs4244285), 10, 11 CYP3A5 SNPs (rs15524, rs4646450, rs3800959 and rs776746) 4, 12, 13 and MDR1 SNPs (rs1128503, rs2032582 and rs1045642) 12 by PCR based on suitable methods for each SNP (Table 2 and Supplementary Table 1 ).
Statistical analysis
Statistical analyses were performed using t-tests for polymorphisms and drug concentrations. Renal dysfunction and acute GVHD rates were estimated by the Kaplan-Meier method and P-values were calculated using the log-rank test. A significance level of Po0.05 was used for all analyses.
Results
Initial drug concentration
Mean initial CsA and tacrolimus concentrations were significantly influenced by the CYP3A5 genetic polymorphisms. The CsA concentration was significantly higher when the CYP3A5 rs15524 genotype was T/T (251.1 ± 92.8 and 145.7 ± 36.7 ng/mL for T/T and T/C þ C/C, respectively; mean±95% confidence interval (CI)]; P ¼ 0.044; Figure 1a ) or the CYP3A5 rs776746 genotype was G/G (250.8±69.9 and 138.6 ± 30.8 ng/mL for G/G and A/G þ A/A, respectively; mean±95% CI; P ¼ 0.027; Figure 1b ). There Immunosuppressant metabolism and genetic background M Onizuka et al were no significant associations between the initial trough level of CsA and the polymorphisms of CYP2C19, MDR1 and the other investigated CYP3A5 SNPs. The tacrolimus concentration was also remarkably influenced by CYP3A5 SNPs. When the patient had the C/C genotype for CYP3A5 rs4646450, the tacrolimus concentration was significantly higher than in patients with the T/C or T/T genotype (20.3 ± 2.5 and 13.8 ± 2.7 ng/mL for C/C and T/C þ T/T, respectively; mean±95% CI; P ¼ 0.0058; Figure 1c ). The CYP3A5 rs776746 genotype also had a significant association with the serum tacrolimus concentration. When the patient had a G/G genotype, the tacrolimus concentration was higher than in patients who had the A/G or A/A genotypes (19.7 ± 2.4 and 13.4±3.1 ng/mL for G/G and A/G þ A/A, respectively; mean±95% CI; P ¼ 0.013; Figure 1d ). There were no significant associations between the tacrolimus concentration and the polymorphisms of CYP2C19, MDR1 and other investigated CYP3A5 SNPs.
Drug dose ratio of day -1 to day 28
To explore the predictive role of the genetic polymorphisms on dose adjustment of the drugs, we compared the initial drug dose with the day 28 drug dose and investigated the drug dose ratio (day 28 dose per day -1 dose) in each patient. The dosage of tacrolimus was remarkably reduced from day -1 to day 28 to maintain the target concentration, when the patient had the CYP3A5 rs4646450 C/C genotype (39.8 ± 8.4 and 86.1 ± 25.5% for C/C and T/C þ T/T, respectively; mean ± 95% CI; P ¼ 0.0010; Figure 2a ) and/ or the CYP3A5 rs776746 G/G genotype (41.6±8.2 and 90.5±29.4% for G/G and A/G þ A/A, respectively; mean ± 95% CI; P ¼ 0.0021, Figure 2b ). There was no association of the drug dose ratio with the CYP2C19, MDR1 or other CYP3A5 polymorphisms.
Transplantation-related complications and genetic polymorphisms As renal dysfunction is a common side effect of calcineurin inhibitor treatment, we analyzed the relationship between genetic polymorphisms and renal failure over the 12 months after HSCT. Patients with a creatinine level more than two times over the upper normal limit (men, 42.2 mg per 100 mL; female, 41.6 mg per 100 mL) were diagnosed as having renal failure. Among the CsA and tacrolimus patients, 9/22 (40.9%) and 15/37 (40.5%) developed renal failure, respectively. There were no significant associations between the frequency of renal failure and the genetic polymorphisms. We also investigated these polymorphisms and acute GVHD. There was also no significant association between developing acute GVHD and these genetic polymorphisms.
Discussion
The main aim of genetic association studies involving pharmacogenetics is to avoid treatment toxicity and enhance drug effects. 3, 14, 15 To date, no studies have been On the other hand, we have described a lack of association between the patient's genetic polymorphisms and transplantation-related complications. As we could adjust the drug dosage according to the patient's serum calcineurin inhibitor concentration, the drug monitoring strategy should be effective to reduce the frequency of complications even in the specific genetic backgrounds. In fact, the drug dose ratio results from day -1 to day 28 indicate that a patient who has the CYP3A5 rs4646450 C/C and/or rs776746 G/G genotype could receive a reduced initial dose of tacrolimus. Thus, patients with the specific genotype tended to receive a reduced dosage, therefore avoiding the drug side effects. Because this consecutive case study included patients with a wide variety of clinical backgrounds, there was no association between clinical outcomes and genetic background. However, strong associations were seen between the drug concentration and genetic background. These results might provide useful information to avoid drug-induced toxicity. Although calcineurin inhibitors are metabolized mainly by CYP2C and CYP3A, at the same time, these enzymes are also associated with the metabolism of several other drugs. 4, 16, 17 Because HSCT patients usually need several drugs at the same time to prevent infections and HSCT complications, we must consider all the drug interactions influenced by calcineurin inhibitor metabolism. There are some studies describing a clinically significant drug interaction with calcineurin inhibitors in renal transplants and HSCT recipients. [18] [19] [20] In order to reduce the impact of other drug interactions, our study compared the initial concentration of calcineurin inhibitor, because at that time the patients were uniformly administered omeprazole, itraconazole, ciprofloxacin and acyclovir. In our study, the conditioning regimen also did not affect the initial concentration of the calcineurin inhibitor. Therefore, during the early time of HSCT, the concentration of calcineurin inhibitor was influenced by the patient's genetic background rather than drug interactions.
Carriers of a reduced-function CYP3A5 allele showed significantly higher levels of calcineurin inhibitor in this study. The most well-known functional polymorphism in this study was CYP3A5 rs776746, which has reduced CYP3A5 enzyme activity when the subject has the G/G genotype. 4 However, our results showed that the SNP rs4646450 within CYP3A5 also had a significant association, although there have been no reports of the function of the rs4646450 SNP. One genome-wide association study using 550 000 SNPs investigating the maintenance dose of warfarin reported that it was the CYP3A5 rs4646450 SNP and not rs776746 that had the best association with stabilized warfarin dose. 13 From these results, CYP3A5 rs4646450 might be associated with common mechanism affecting both warfarin and tacrolimus metabolism.
In conclusion, we have shown that genetic variation has an effect on the pharmacological response to calcineurin inhibitors in HSCT patients. These results are predictable and can therefore help to avoid drug toxicity in the future. Because this study was a serial case study from single institution, the clinical backgrounds of patients were heterogeneous. Moreover, this study was dealing with modest samples and homogeneous genetic background population. In order to define the genetic background influence on clinical outcome of HSCT, it is necessary to investigate further case-controlled study. Immunosuppressant metabolism and genetic background M Onizuka et al
